Open path optical instruments, spectrophotometers that incorporate separate light 64 sources and analyzers, and measure the absorption of light in ambient air between 65 the two, have been widely used in environment applications since the 1970s. 66 However, at that time source-to-analyzer path lengths were typically of the order of 67 hundreds of meters or more. 68
The first successful demonstration of an absorption technique as a viable across-69 road Vehicle Emissions Remote Sensing System (VERSS) was probably by Don 70
Stedman, Gary Bishop and Colleagues at the University of Denver and the Ford 71
Motor Company in the late 1980s (Bishop et al., 1989; Stephens & Cadle, 1991) . 72 Their success where others before them had failed reflected their focus on the 73 stabilisation of the instrument reference beam (Burgard et al., 2006a ), a step that 74 allowed them both to operate at a path length of ca. 10 meters and to account for air 75 disturbance by passing vehicles (an effect that was termed 'shimmering' in some 76 earlier publications on this topic, see e.g. Hoshizaki et al., 1973) . That first 77 instrument was a liquid nitrogen cooled non-dispersive infrared (NDIR) that only 78 measured CO and CO 2 , but they actively worked to refine it over the next two 79 decades, removing the need for liquid nitrogen cooling (Burgard et introduced the Emission Detection And Reporting (EDAR) system, an infrared laser 119 based VERSS that incorporates several novel features that make it a particularly 120
interesting option for vehicle emissions-based applications (Hager, 2015) . 121
Firstly, it uses a patented variation on Differential Absorption LIDAR (DiAL), a 122 technique pioneered by Measures and Pilon (1972) the PM measurement method used in the UK study reported herein, which is based 139 on principles described in Mazzoleni et al. (2010) , was developed recently and the 140 NO 2 measurement was specially commissioned for the same study at short notice. 141 However, perhaps most importantly, the EDAR also employs a down-facing, single-142 unit camera configuration ( Figure 1 ) that potentially offers a number of practical 143 advantages over the conventional across-road, single-beam arrangement of 144 traditional VERSSs. Because the EDAR is an above-road unit that employs a 145 whiskbroom scanning approach (side to side across one or more lane multiple times 146 as a vehicle passes), it takes a down-facing image of a passing vehicle and its 147 exhaust plume. The use of this plume image means not only that the approach is 148 likely to be less sensitive to factors such as vehicle lane position, exhaust position 149 and wind speed but also a potential source of novel information about vehicle 150 emissions dispersion. (See Supporting Information for further discussion.) The 'up 151
high' deployment of the system also means that, once installed, it is likely to be much 152 less disruptive to traffic flows and pedestrians and much less susceptible to system 153 fouling, e.g. from road-level dirt resuspension and splash-back from passing 154 vehicles, than conventional across-road systems that deploy light sources, analyzers 155
and (if used) mirror boxes only a few inches above the road surface. 156 157
[ Figure 1 and technical advisors regarding the EDAR performance during the tests, and were 178 not privy to evaluation method outputs prior to the reporting of their own results. 179
Likewise, assessors were not privy to patent-pending or otherwise commercially 180 sensitive information regarding EDAR functionality and treated associated analyses 181 for these first-round evaluations as a 'black box' comparison where these were 182
issues. 183
We present the combined findings of these two studies, referred to hereafter as 184 CDPHE/ERG and UoB/UoL/KCL, respectively, together because they provide 185 complementary insights into the performance of the EDAR. 186 187
CDPHE/ERG Simulated Exhaust Gas Study: 188
As part of the CDPHE/ERG study, the EDAR instrument underwent blind evaluation 189 using simulated exhaust gas methods to assess accuracy, precision, detection limit 190 and drift. 191
The EDAR system was setup to measure exhaust CO, NO, CH 4 and C 3 H 8 , (all as 192 estimated ppm analyte and molar ratio analyte/CO 2 ) and CO 2 (estimated % CO 2 ) 193 and mounted (ca. 5 meters) above the study site, a private roadway within the 194 grounds of the Bandimere Speedway, on a purpose-built hydraulic boom for 195 operation in its standard down-facing configuration. The boom was secured by guy-196 wires and mounted on a custom-built deployment trailer used previously in EDAR 197 studies in, e.g., Connecticut, Arizona and Tennessee. Directly below the EDAR, 3M 198 retro-reflective tape was attached to the road surface to reflect the laser infrared light 199 back to the EDAR instrument, creating an analytical path length of ca. 10 meters.
200
Small ramps were secured to the road prior to the retro-reflective tape to protect it 201 from damage during testing. 202 A CDPHE RSD Audit Truck was used as the test vehicle for the study. The test 203
vehicle was a conventional gasoline truck that was fitted with an extended exhaust 204 pipe to divert actual engine exhaust gases ca. 3 meters away from its conventional 205 release point, and a simulated tailpipe and gas release system that allowed the 206 controlled release of bottled reference gas from that point to simulate an exhaust 207 plume while the vehicle is in motion. The test vehicle was also equipped with a flow 208 meter to regulate simulated exhaust gas flow rates. 209 Liquide and hereafter designated blends A-D, were used in the study. The 217
concentrations and relative ratios of analytes in these, as summarized in Table 1 assurance. This, used in combination with local traffic flow and meteorological data, 259 provided a means of characterizing conditions on the deployment days. However, 260
co-location limited the choice of deployment sites, and meant that these sites were 261 not optimal locations for EDAR (or any VERSS) deployment. 262
Two EDAR systems were deployed at all three sites for the UK studies. The first of 263 these was setup to measure exhaust CO, NO and NO 2 (all as estimated ppm analyte 264 and molar ratio analyte/CO 2 ) and CO 2 (estimated % CO 2 ). The NO 2 measurement 265 channel was specially commissioned for this study. was that the EDAR units, although 5 meters above the road as in the CDPHE/ERG 272 study, were near to, rather than directly over, the passing vehicles being monitored. 273 274
Portable Emissions Measurement System (PEMS) Comparison: 275
A vehicle fitted with a Portable Emissions Measurement System (PEMS), a specialist 276 exhaust gas measurement system that provided a direct measure of the emissions 277 of that vehicle, was run at the same site during the Greenwich Blackheath Hill EDAR 278 deployment. 279
The PEMS system was purpose-built for this study and installed in a Ford Transit 280
Connect Van (EURO 4 2.0L Diesel). It consisted of two gas benches, one NDIR-281 based for CO 2 and CO measurement and one UV-based for NO and NO 2 282 measurement, an ionization-based PM analyser, a Pitot-based exhaust flow 283 measurement system, and dedicated exhaust sampling system. A zirconium sensor 284
was also used to measure NO x and O 2 , and a secondary system, a parSYNC PLUS 285
(supplied by 3DATX Inc) was used to provide confirmatory measures of CO 2 , NO, 286 NO 2 and PM exhaust concentrations, although the latter were not used directly in 287 this study. Supporting vehicle, engine and GPS data were collected using a 288 commercial logger. Associated data was aligned and emissions calculated using 289 dedicated R code/methods (Ropkins, 2016) . 290
A schematic of the PEMS vehicle installation is provided as Figure 3 Left. 291 292
[ Figure 3 about here] 293 294
The PEMS test vehicle was run through the EDAR measurement area multiple times 295 under a range of engine loads and in different gears with the objective of providing a 296 broad range of emissions. 297
The PEMS/EDAR data alignment strategy used here was a refinement of one 298 previously employed to compare PEMS and RSD data in earlier work (Ropkins et al., 299 2008) and summarised as follows: (1) The PEMS data was time and location filtered 300 to provide ±20 seconds windows of data for the pass throughs.
(2) Data within these 301 windows was locally aligned by correlation lag-fitting using sets of six or more 302 consecutive pass-throughs. The SNIFFER test vehicle was operated by a dedicated driver and journey 329
documenter who recorded details of the chaser runs through the EDAR monitoring 330
area, e.g. followed vehicle registration number, time followed, approximate time 331 passing over EDAR reflect strip, etc. As SNIFFER vehicle measurements were of 332 ambient air following the chased vehicle, background concentrations before/after 333 identified plume events were subtracted to provide plume contributions. In cases 334
where the analyte plume peak associated with a reactant trough indicating post-335 emission reaction (e.g. NO plume peaks were often seen alongside O 3 troughs 336 indicating NO depletion), titration contributions were also accounted for by assuming 337 e.g. NO emitted = NO observed + O 3 consumed. Finally, as ambient plumes were 338 typically several seconds in duration, SNIFFER measurements were reported as 339 averages with error bars to show measurement variability for the observed plume. 340 341
Results and Discussion: 342
The simulated exhaust gas study provided a highly standardizable and controllable 343 point-of-reference for the evaluation of EDAR. In terms of assessing the instrumental 344 accuracy, precision, limit of detection and degree of the drift, this approach is 345 probably the most robust and confounder-free option for the assessment of EDAR 346 instrument performance under routine operating conditions. However, it is also a 347
relatively 
Simulated Exhaust Gas Studies 368
At all speeds studied (15, 30, 45, 60 mph), EDAR measurements were found to be in 369 good agreement with reported gas blend concentrations (See Figure 4 ). 370 371
[ Figure 4 about here] 372 373 Several relatively high CO readings were observed while measuring the lowest CO 374 reference gas levels. Although the exact source of these measurements was not 375
identified, other on-site CO sources cannot be ruled out. CO results were therefore 376 calculated with and without these possibly unrepresentative measurements to 377 assess their influence. between one and five times the expected detection limit. 392
The EDAR detection limit for CO (estimated as 3 × standard deviation) was found to 393 be ca. 50-100 ppm, or maybe slightly lower if the possibly unrepresentative 394 measurements were removed. 395
For NO concentrations between ca. 40 and 500 ppm, both relative biases and 396 intercept biases were also small, ca. -3% and -2 ppm, respectively, and data scatter 397 was <1% (R 2 values of 0.998 or higher). The NO limit of detection, estimated as 3 × 398 standard deviation (7 ppm), was about 10-30 ppm. 399
Performance statistics were also highly encouraging for both CH 4 and C 3 H 8 . 400
For CH 4 in the concentration range 0 to 210 ppmC, relative biases and intercept 401 biases were about +4% and -19 ppmC, respectively, and although the data scatter 402 was larger than seen for CO and NO (R 2 0.983) and, similarly, subject to no (or more 403 strictly statistically negligible; no apparent trends, p for speed contribution << 0.05) 404 speed dependency, the standard deviation was 5 to 12 ppmC, indicating a detection 405 limit of about 15 to 35 ppmC. 406
For C 3 H 8 in the concentration range 30 to 1300 ppmC 3 , relative bias was +3 to -3%, 407
intercept bias was 3 to 37 ppmC 3 , R 2 was 0.993 to 0.952, and detection limit was 408 100 to 400 ppmC 3 , although here it should be noted that a moderate speed 409 dependency was observed for C 3 H 8 during testing, and the results were subject to 410 non-blind recalculation before final reporting which did improve the statistics. 411
Test vehicle runs using simulated exhaust gas Blend Q containing CO 2 , CO, NO and 412 C 3 H 8 (Table 1) were made repeatedly alongside the main tests and regression 413 analysis performed to provide a measure of instrument stability/drift. The results, 414 summarized in Figure 5 , indicated that the EDAR exhibited no significant drift for any 415 of the emission species in Blend Q. 416 417
[ Figure 5 about here] 418 419 A similar but smaller scale simulated exhaust gas audit was also undertaken on the 420
University of Birmingham campus as part of quality assurance activities for the 421
UoB/UoL/KCL study. This used an electric vehicle as the test vehicle, and, although 422 not reported here, the results were highly consistent with those observed during the 423 CDPHE/ERG study. 424 likely the most direct and real-world representative of the comparisons reported 435 within this study, the degree of absolute agreement is likely to be limited by both the 436 technical challenge associated with the time alignment of the two datasets and the 437 difference in the time resolution of the two measurement types, 10-100 milliseconds 438
for EDAR and 1 second for PEMS. 439 440
Of the 41 paired EDAR/PEMS records collected during the Greenwich EDAR 441 deployment, 25 were part of smooth PEMS vehicle trajectories (before-to-after speed 442 linear fit R>0.8), indicating that these were most likely to be suitable for comparing 443 the two techniques. The outcomes are shown in Figure 6 where EDAR and PEMS 444 emission paired measurement comparisons are shown on the basis of CO 2 ratios, 445
the most common format used elsewhere to report VERSS data. Note that all data 446 exclusion is on the basis of smoothness of vehicle trajectories, not the agreement of 447 emission measurements. 448
449
[ Figure 6 about here] 450
451
The CO/CO 2 EDAR/PEMS comparison plot is dominated by two much higher 452 CO/CO 2 measurements that most likely overinflate the degree of agreement. So, this 453 plot, Figure 6 Top Right, includes an insert in the top left corner showing the fit with 454 these two higher points excluded. At this level, again two CO/CO 2 measurement 455 pairs dominate and excluding these would further reduce the fit R 2 to ca. 0.9. 456
However, at this point, most measurements were at or near to the PEMS CO 457 detection limit, and it is likely that measurement noise would be an issue. As a result, 458
the fit for measurement CO/CO 2 ratios < 0.01 (R 2 0.924; EDAR 0.73×PEMS) was 459 selected as a 'best compromise' estimate of in situ agreement. 460 Agreement between smooth trajectory paired EDAR and PEMS NO/CO 2 461 measurements was good, R 2 0.968, EDAR 0.71×PEMS, and NO/CO 2 462 measurements from both sources were well distributed across the observed range, 463 ca. 0.001 to 0.012. 464
The correlations for paired EDAR and PEMS NO 2 /CO 2 measurements was the 465 lowest observed (R 2 0.797 for a linear fit but possible non-linearity, R 2 0.843 for 466 polynomial regression), and measurement agreement was least affected by PEMS 467 vehicle trajectory. This suggests less confidence associated with these 468 measurements. However, here, it is important to acknowledge the analytical 469 challenges associated with the measurement of this highly reactive species. This is a 470 consideration for both PEMS measuring NO 2 in the exhaust, where samples are wet, 471 dirty and concentrated, and EDAR measuring NO 2 in the in-air plume where NO 2 is 472 subject to significant secondary chemistry. 473
Across the reported EDAR measurement range 5 to 80 nanomoles.mole -1 PM/CO 2 , 474 good agreement (R 2 0.937) was observed with paired smooth trajectory PEMS 475 PM/CO 2 measurements (20 to 200 ng/g). 476
For CO/CO 2 and NO/CO 2 , the observed bias in EDAR/PEMS comparisons (EDAR 477 under-estimated emissions by comparison to PEMS) most likely reflected the 478 different time resolutions of the two measurement types and measurement/sampling 479 point (in-exhaust for PEMS, in-post-exhaust-plume for EDAR) rather than an issue 480 with either measurement type. This was also similar to bias reported in previous 481 RSD/PEMS comparisons (e.g. Ropkins et al., 2008; Kraan et al., 2012) . The larger 482 measurement biases for NO 2 /CO 2 and PM/CO 2 (EDAR ca. 0.3×PEMS) probably 483 reflect measurement confidence and NO 2 reactivity for NO 2 /CO 2 and unit, calibration 484
and PM measurement metric response differences for PM/CO 2 , respectively. 485 486
Car chaser (SNIFFER) comparison: 487
In SNIFFER experiments, the chased vehicle exhaust plume was sampled several 488 seconds after emission. During this time the emitted species have undergone some 489 degree of dilution, dispersion and atmospheric chemistry. As a result, an in-exhaust 490 event that was 10-100 milliseconds in duration may generate an in-air plume that is 491 several seconds in duration when sampled by the SNIFFER. This plume could also 492 overlap with other in-air plumes/events, further complicating event isolation. 493
This combination of measurement contributions is illustrated by Figure 7 Left, which 494 also demonstrates the analytical procedure used to estimate at-exhaust NO/CO 2 495 emissions from SNIFFER data collected during this study. For at-exhaust NO/CO 2 496 ratio calculation from SNIFFER data, average local background measurements were 497 taken at time of EDAR/SNIFFER measurement and subtracted from plume and all 498 O 3 depletion was attributed to NO conversion to NO 2 . The different gas phase 499 diffusion rates of NO and CO 2 were also taken into account to correct for the 500 SNIFFER measured ratio to that of the EDAR which is measured just post exhaust. 501
Diffusion of NO is faster than CO 2 and hence the SNIFFER measures a lower ratio 502 NO/CO 2 ratio in the centre of the plume than the EDAR. The following literature 503 values for the CO 2 and NO diffusion constants were used 0.160 and 0.230 cm 2 s -1 504 (Marrero & Mason, 1972; Tang et al., 2014) , respectively. 505 506
[ Figure 7 about here] 507 508 Arguably this is the most analytically challenging of the comparisons employed within 509 this study, and associated uncertainties are likely to be the largest. 510 Although the dataset is admittedly small, the degree of agreement for paired EDAR 513
and SNIFFER data is, like the PEMS comparison, highly encouraging. The linear 514 regression R 2 is 0.862, and although there is a fixed offset, indicated by the intercept 515 and perhaps associated with analytical uncertainties, the relative agreement is near 516 unity (gradient ca. 1). 517
The plot includes both same vehicle repeat measurements (CAR01, the second test  518  vehicle which the SNIFFER vehicle repeat chased by the EDAR to benchmark  519 reproducibility) and several other vehicles (one car, one small goods vehicle or LGV 520 and two heavy goods vehicles or HGVs accepted, if we want to actually target the worst polluters as part of e.g. the next 572 generation of Low Emission or Clean Air Zone schemes, this is a challenge we 573 urgently need to address, and EDAR is arguably one of the tools we should be 574
considering as part of that process. 575
Our on-going challenges in work to benchmark EDAR are to extend the body of 576 evidence on real-world performance, e.g. using different vehicles, fuels and 577 reference methods, so we can better characterise measurement confounders and to 578 identify unique applications of the technology. But we also need to look at the 579 questions that are applicable to VERSS as an instrument class rather than the EDAR 580 in isolation, e.g. how we validation emission measurements across broader ranges 581 of driving activities and conditions and how the accuracy of these post-exhaust 582 measurements is affected by different emission abatement strategies. 583 584
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